T cell expansion and differentiation are critically dependent on the transcription factor c-Myc (Myc). Herein we use quantitative mass-spectrometry to reveal how Myc controls antigen receptor driven cell growth and proteome restructuring in T cells. Analysis of copy numbers per cell of >7000 proteins provides new understanding of the selective role of Myc in controlling the protein machinery that govern T cell fate. The data identify both Myc dependent and independent metabolic processes in immune activated T cells. We uncover that a primary function of Myc is to control expression of multiple amino acid transporters and that loss of a single Myc-controlled amino acid transporter effectively phenocopies the impact of Myc deletion. This study provides a comprehensive map of how Myc selectively shapes T cell phenotypes, revealing that Myc induction of amino acid transport is pivotal for subsequent bioenergetic and biosynthetic programs and licences T cell receptor driven proteome reprogramming.
Introduction
Immune activation transcriptionally reprograms T lymphocytes and initiates changes in cell metabolism and protein synthesis that are required for proliferation and effector differentiation.
The signalling pathways that control T cell metabolism are not fully characterised but it has been shown that the transcription factor Myc has a necessary role (Wang et al., 2011) . In T cells, Myc is rapidly induced in response to engagement of the T cell antigen receptor (TCR) and Myc expression is then sustained by costimulatory receptors and cytokines such as interleukin-2 (IL-2) (Au-Yeung et al., 2017; Heinzel et al., 2017; Preston et al., 2015) . The TCR acts as a digital switch for Myc mRNA expression, in that the strength of the antigen stimulus determines the frequency of T cells that switch on Myc mRNA expression (Preston et al., 2015) . Antigen receptor, costimulation and cytokine driven processes also posttranscriptionally control Myc protein: constant phosphorylation on Thr58 by glycogen synthase kinase 3 (GSK3) and subsequent proteasomal degradation results in a short cellular half-life of Myc protein (Preston et al., 2015) . O-GlcNAcylation of Myc at this same residue (Chou, Hart, & Dang, 1995) , fuelled by the hexosamine biosynthesis pathway, blocks this degradation and allows Myc to accumulate (Swamy et al., 2016) . In activated lymphocytes the sustained expression of Myc is also dependent on the rate of protein synthesis and availability of amino acids (Loftus et al., 2018; Sinclair et al., 2013; Swamy et al., 2016; Verbist et al., 2016) . Myc expression is thus tightly controlled at the population and single cell level during immune responses.
The expression of Myc is essential for T cell immune responses and mature T cells with Myc alleles deleted cannot respond to antigen receptor engagement to proliferate and differentiate (Preston et al., 2015; Trumpp et al., 2001; Wang et al., 2011) . Myc deficient T cells have defects in glucose and glutamine metabolism (Wang et al., 2011) ; however, the full molecular details of how Myc regulates T cell metabolic pathways and other aspects of T cell function is not fully understood. In this context there are different models of how Myc works and divergent opinions as to whether or not Myc acts a general amplifier of active gene transcription (Lewis et al., 2018; Lin et al., 2012; Nie et al., 2012) or has more selective actions (Sabo et al., 2014; Tesi et al., 2019) . There is also evidence Myc can act post transcriptionally, controlling mRNA cap methylation and broadly enhancing mRNA translation (Cowling & Cole, 2007; Ruggero, 2009; Singh et al., 2019) . The salient point is that there appear to be no universal models of Myc action that can be applied to all cell lineages. As an example, it is reported that oncogenic Myc mutants control amino acid transporter expression in tumour cells (Yue, Jiang, Gao, Liu, & Qing, 2017) whereas analysis of endogenous Myc function in immune activated primary B cells found no such role (Tesi et al., 2019) . These discepancies highlight the neccessity for direct experimental analysis to understand how Myc controls T lymphocyte function rather than simply being able to extrapolate from other cell models. In this context, T lymphocytes are critical cells of the adaptive immune response and understanding the signalling checkpoints that control T cell function is fundamental for any strategy to manipulate T cell function for immunotherapy or immunosuppression.
T cell immune activation is associated with increases in mRNA translation, amino acid transport and protein synthesis all of which shape the execution of the T cell transcriptional program and completely reshape the T cell proteome (Araki et al., 2017; Geiger et al., 2016; Howden et al., 2019; Ricciardi et al., 2018; Sinclair et al., 2013) . Hence, one way to gain a full and unbiased understanding of how Myc controls T cell metabolism and T cell function is an in-depth analysis of how Myc shapes T cell proteomes. Accordingly, we have used highresolution mass-spectrometry to perform a quantitative analysis of the impact of Myc deficiency on the proteomes of immune activated CD4 + and CD8 + T cells. These data reveal a selectivity of Myc action in co-ordinating T cell proteomes and identify both Myc dependent and Myc independent remodelling of T cell metabolic programs. The data uncover that a primary function of Myc in T lymphocytes is control of amino acid transporter expression which affords new insight about how Myc controls T cell biosynthetic and bioenergetic programs.
Results:

Selective remodelling of T cell proteomes by Myc
To explore how Myc controls T cell function we used a CD4cre + Myc fl/fl (Myc cKO ) mouse model in which Myc is conditionally deleted during late thymic development (Dose et al., 2009; Mycko et al., 2009; Trumpp et al., 2001) . As shown previously (Wang et al., 2011) , Mycdeficient CD4 + and CD8 + T cells do not substantially increase cell size or proliferate in response to immune activation with anti-CD3/anti-CD28 agonist antibodies ( Fig 1A, S1 ). To examine how Myc loss impacts proteome remodelling during immune activation we performed quantitative label-free high-resolution mass spectrometry on 24 hour CD3/CD28 activated wild-type (CD4cre + , Myc WT ) and Myc cKO CD4 + and CD8 + T cells. >7000 proteins were identified and protein mass and copy number per cell was estimated by the 'proteomic ruler' method which uses the mass spectrometry signal of histones as an internal standard (Table S1) (Wisniewski, Hein, Cox, & Mann, 2014) . The data in Fig 1B show that in contrast to Myc WT T cells, CD3/CD28 activated Myc cKO T cells fail to increase protein content above naïve levels.
Hence, the increase in cell biomass that accompanies T cell activation is dependent on Myc.
Notably, the protein content of immune activated Myc WT CD4 + T cells was lower than activated CD8 + T cells and this correlates with higher levels of Myc in immune activated CD8 + versus CD4 + Myc WT T cells ( Fig. 1C-D) .
The immune activation of T cells is accompanied by complex proteome remodelling (Geiger et al., 2016; Howden et al., 2019; Ron-Harel et al., 2016; Tan et al., 2017) . A key question is whether the dramatically lower cell mass in CD3/CD28 activated Myc cKO T cells reflects a scaled decrease in expression of all proteins or a selective loss of protein expression. In this respect a few hundred very abundant proteins are known to account for most cellular mass (Howden et al., 2019; Hukelmann et al., 2016; Ly et al., 2014) , with 75% of the protein mass of immune activated Myc WT CD4 + and CD8 + T cells comprising 344 and 391 proteins respectively. Myc deficiency reduced the expression of most, but not all of these abundant proteins ( Fig 1E-F) . To assess the selectivity of Myc control of T cell proteomes we used nearest neighbour analysis and Pearson correlation to group and align the expression profile of ~6,400 proteins in naïve and immune activated Myc WT and Myc cKO CD4 + and CD8 + T cells ( Fig 1G) . These analyses highlight how CD3/CD28 stimulation dynamically reshapes the proteomic landscape of CD4 + and CD8 + T cells. The impact of Myc loss is striking but clearly selective and not a simple scaled decrease in expression of all proteins. There are a number of proteins expressed at high levels in naïve cells and downregulated by immune activation in both Myc WT and Myc cKO T cells ( Fig. 1G ), including Kruppel family transcription factors which maintain pluripotency and cell quiescence (eg Klf2) and growth factors receptors such as the IL7 receptor ( Fig 1H-I) . There is also a subset of ~300-450 proteins that are strongly induced by immune activation irrespective of the Myc expression ( Fig 1G) . These include CD69, CD44 and transcription factors cRel and JunB ( Fig 1J-M) . The critical transcription factors T-bet and Irf4 were also upregulated in immune Myc cKO T cells, albeit at reduced levels compared with Myc WT T cells ( Fig. 1N-O) . Another key observation was that Myc cKO T cells responded to immune activation to increase expression of the glucose transporters Slc2a1 and Slc2a3 (Glut1 and Glut 3 respectively) (Fig 2A-B) . Collectively, these data show that immune activated T cell proteome remodelling comprises both Myc dependent and independent components.
Selective remodelling of T cell metabolic pathways by Myc
The ability of immune activated Myc cKO T cells to upregulate expression of Slc2a1 and Slc2a3 glucose transporters was unexpected as it has been reported that Myc-deficient T cells have abnormal glycolytic metabolism and defective induction of glucose transporter mRNA (Wang et al., 2011) . Moreover, Slc2a1 has been implicated as a direct transcriptional target of Myc (Osthus et al., 2000) . In this context, CD3/CD28 triggering increases expression of glycolytic enzymes in both Myc WT and Myc cKO CD4 + and CD8 + T cells ( Fig 2C, left panel) . Although the cumulative levels of glycolytic enzymes in Myc cKO are reduced by 58% and 30% in CD8 + and CD4 + T cells respectively compared with Myc WT controls, they still comprise a large percentage of the proteomes of immune activated Myc cKO T cells (Fig 2C, right panel) . It was however striking that Myc had a large impact on lactate transporter expression, particularly on the numerically dominant lactate transporter Slc16a1 ( Fig 2D) . Lactate transporters control a critical rate limiting step for glycolytic flux (Tanner et al., 2018) . Their absence would prevent lactate export leading to intracellular accumulation of lactate which would feedback to suppress glycolytic flux (Doherty et al., 2014) . Slc16a1 expression increases from <10,000 copies per naïve T cell to ~140,000 and ~80,000 copies per immune activated CD8 + and CD4 + Myc WT T cell respectively. In contrast, Slc16a1 expression in immune activated Myc cKO T cells remains at naive levels ( Fig 2D, Table S1 ). These data display the selectivity of Myc importance for expression of key components of the glycolysis machinery and point to control of lactate export as a mechanism whereby Myc controls glycolytic flux in T cells.
Another key Myc controlled metabolic process is glutamine catabolism (Wang et al., 2011; Wise et al., 2008) . Once imported glutamine can be metabolised in a number of different processes, including the hexosamine pathway, nucleotide biosynthesis processes, and the citric acid cycle (Fig 2E) . The present data reveal the selectivity of the Myc requirement for expression of important enzymes for glutamine metabolism. Myc controls expression of glutaminase (Gls), Cad and Ppat, the enzymes that control the first steps in glutaminolysis, and pyrimidine and purine biosynthesis respectively. However, expression of Gfpt1, the first and rate limiting step in the hexosamine pathway and Glud1, the enzyme that converts glutamate to a-ketoglutarate are still expressed in Myc cKO T cells ( Fig 2F and Table S1 ).
Myc controls amino acid transporter expression in immune activated T cells
One major effect of Myc loss on immune activated T cells is failure to increase cell mass ( Fig.   1A -B). In this context, immune activation of T cells decreases expression of translational repressors and drives increased expression of ribosomes and mRNA translational machinery (Geiger et al., 2016; Howden et al., 2019; Ron-Harel et al., 2016; Tan et al., 2017) . The data in Myc-deficiency did however suppress CD3/CD28 mediated increases in expression of ribosomes, eukaryotic initiation factor 4 (eIF4F) complexes that translate methyl capped mRNAs and EIF2 complexes which controls tRNA transfer to ribosomes. Although increasing expression of translational machinery is important, an absolutely fundamental requirement for a substantial increase in cell mass is availability of amino acids (Hosios et al., 2016) . Therefore, it is striking that the loss of Myc prevents the upregulation of expression of multiple amino acid transporters in activated T cells ( Fig 3A-B) . The most abundant amino acid transporters expressed on CD3/CD28 activated CD4 + and CD8 + T cells are Slc7a5 (leucine, methionine, tryptophan), Slc1a5 (glutamine, serine, threonine, alanine), Slc38a1 and Slc38a2 (glutamine, methionine) and Slc7a1(arginine, lysine) ( Fig 3A, Table S1 ). Naive T cells have very low levels of all of these transporters, expressing ~500 -2,500 copies per cell ( Fig   3A , Table S1 ). Upon activation, amino acid transporters are some of the most highly induced proteins in Myc WT T cells, exhibiting up to 100-fold increases relative to naïve cells ( Fig. 3A-B ). In contrast, immune activated Myc cKO T cells only express amino acid transporters at near naïve levels ( Fig 3A-B , Table S1 ).
The high levels of protein production in activated T cells would need to be fuelled by amino acid supply (Hosios et al., 2016) . Moreover, T cells that lack expression of key amino acid transporters such as Slc7a5 and Slc1a5 are defective in their response to T cell activation (Nakaya et al., 2014; Sinclair et al., 2013) . We therefore questioned whether the ability of Myc to control T cell growth could be explained by Myc control of amino acid transporters. Accordingly, we examined the impact of Myc expression on the functional capacity of T cells to transport amino acids and we assessed whether the loss of amino acid transporter expression could recapitulate the striking impact of Myc deletion on T cell protein production. We focused on the system L transporter Slc7a5, as this is the most abundant amino acid transporter expressed on immune activated T lymphocytes ( Fig 3A, 4B , Table S1 ) and mediates transport of many essential amino acids including methionine, leucine, phenylalanine and tryptophan (Sinclair et al., 2019; Sinclair, Neyens, Ramsay, Taylor, & Cantrell, 2018; Sinclair et al., 2013) .
Low basal levels of Slc7a5 in naïve T cells mediate amino acid uptake that is not dependent on Myc (Fig. 3C ). Within 4 hours of T cell activation there is increased system L transport activity and this increase is reduced in Myc cKO CD4 + and CD8 + T cells ( Fig. 3D ,E). There was also a strong correlation between the levels of Myc protein expressed by activated T cells and system L amino acid transport capacity ( Fig 3F) . Collectively, these data show that Myc regulates system L amino acid transport in immune activated T cells.
Could loss of amino acid transport be the mechanism for the loss of protein production in immune activated Myc cKO T cells? To assess this, we examined the impact of Slc7a5 deletion on immune activated T cell proteomes. Fig 3G-H shows that the dramatic increase in cell mass associated with normal T cell activation does not occur in immune activated Slc7a5 cKO (CD4cre + Slc7a5 fl/fl ) CD4 + T cells. We then used nearest neighbour analysis and Pearson correlation to group the expression profile of ~6,800 proteins from naïve wild-type and immune activated Slc7a5 WT and Slc7a5 cKO CD4 + T cell proteomes. These data show Slc7a5-deficiency, similar to Myc deficiency, has a profound effect on protein expression in immune activated CD4 + T cells ( Fig 3I) . Slc7a5 cKO T cells still respond to antigen receptor activation to downregulate a subset of naïve T cell proteins and can still upregulate expression of a small protein subset ( Fig 3I) . The data show a striking overlap in proteins that were both Myc and Slc7a5 regulated ( Fig 3J) . Most of this overlap was in proteins that were reduced in response to Myc or Slc7a5 deficiency ( Fig. 3K ), including translational machinery such as ribosomes ( Fig S3) . Thus, deficiency in a single Myc controlled amino acid transporter, Slc7a5, can mimic the phenotype of Myc cKO T cells, preventing T cell growth and selectively controlling proteome remodelling.
To explore the mechanism for Myc control of amino acid transport in activated T cells we examined the relationship between Myc and amino acid transporter mRNA expression. Single cell RNAseq analysis of antigen activated OT1 CD8 + T cells (Richard et al., 2018) shows a strong correlation at the single cell level of Myc mRNA expression and expression of mRNA for Slc7a5, Slc7a1 and Slc1a5 ( Fig 4A) . Expression of Myc mRNA clearly precedes increased expression of mRNA for Slc7a5 and Slc1a5 ( Fig 4A) . More importantly, in a proteomics time course of OT1 CD8 + T cell activation, expression of Myc protein precedes antigen induced increases in expression of most amino acid transporters ( Fig 4B) . CD3/CD28 activation of Myc WT CD4 + and CD8 + T cells drives increases in Slc7a5, Slc1a5 and Slc7a1 mRNA, whereas activated Myc cKO CD4 + and CD8 + T cells do not increase expression of Slc7a5 or Slc1a5 mRNA and show reduced expression of Slc7a1 mRNA ( Fig 4C) .
The current data are consistent with a model that Myc controls T cell growth by controlling the upregulation of amino acid transporter expression required for T cell activation. However one possible inconsistency is that previous studies have shown that Slc7a5 is required for expression of Myc protein (but not mRNA) in activated CD8 + T cells (Sinclair et al., 2013) .
We considered that an explanation for this discrepancy would be if there were a positive feedforward loop whereby the initial rapid expression of Myc during immune activation is not Slc7a5 dependent but the sustained expression is. To directly interrogate this model we measured Myc expression over time in CD3/CD28 activated WT and Slc7a5 cKO T cells. These data ( Fig 4D) show that Slc7a5 is not required for the immediate and rapid upregulation of Myc expression that accompanies T cell activation but is required for activated T cells to sustain Myc protein. Myc induction of amino acid transport thus triggers a positive feedforward loop supporting its own expression to drive and sustain further increases in amino acid transport.
Discussion
This study has mapped the impact of Myc deletion on antigen driven proteome remodelling of CD4 + and CD8 + T cells to understand how Myc controls T cell activation and metabolic reprogramming. The study uncovers both Myc dependent and independent restructuring of the T cell proteome during immune activation. Myc was required for the increase in expression of key metabolic pathway proteins; for example, glutamine transporters and glutaminase, key proteins controlling the first steps of glutaminolysis (Newsholme, Crabtree, & Ardawi, 1985) ; and lactate transporters, a major rate determining step for glycolytic flux (Tanner et al., 2018) .
However, the current data also show that expression of many key metabolic enzymes for both glutaminolysis and glycolysis can still occur in immune activated Myc null T cells. In particular, in the context of glucose metabolism an unexpected observation was that Myc was not required for protein expression of the glucose transporters Slc2a1 and Slc2a3 in activated T cells. This was surprising, given previous observations that Myc deletion reduced Slc2a1 and Slc2a3 mRNA (Wang et al., 2011) and highlights the value of a proteomics approach to quantify the expression patterns of proteins where there may be a disconnect between mRNA and protein expression due to translational regulation (Ricciardi et al., 2018) . The expression of both glucose and lactate transporters are key for glycolytic flux (Tanner et al., 2018) and the fact that these are differentially controlled by Myc reveals that upregulation of metabolic pathways during T cell activation is more complex than a simple activation switch or amplifier mediated by a single transcription factor (Nie et al., 2012) . The data gives molecular insight into why Myc is so important for T cell glutamine metabolism and glycolysis but they also reveal that T cell metabolic reprogramming requires the coordination of Myc expression with other signalling pathways. In this respect we have shown recently that activation of mTORc1 is not required for Myc expression in activated T cell but does have a substantive effect on the expression of glucose transporter protein (Howden et al., 2019) .
One key conclusion from the present data is that a primary function of Myc is to control expression of the amino acid transporters, inducing a positive feedforward loop to sustain Myc levels in activated T cells. A salient point is that Myc was only necessary for immune activation associated increases in amino acid transporter expression. The absence of Myc did not impinge on the low basal levels of amino acid transport through the system L transporter seen in naïve T cells and it was clear from the proteomic data that Myc null T cells still had some capacity to increase expression of key proteins. The inability of Myc null T cells to increase amino acid transport aligns with previous metabolomic data that Myc null cells have decreased levels of intracellular amino acids (Wang et al., 2011) . The loss of amino acid transporter induction in Myc null T cells would also prevent the increases in expression of the protein biosynthetic machinery as well as preventing uptake of the raw material required to synthesise protein. The importance of Myc induction of amino acid transporters for T cell activation is particularly highlighted by the large effect of deleting just one of the Myc controlled amino acid transporters, Slc7a5, on the T cell proteome, which almost phenocopies the effects of Myc deletion itself. The impact of the loss of a single Myc controlled amino acid transporter was remarkable and reflects that Slc7a5 transports multiple large neutral amino acids including Leucine, Phenylalanine and Tryptophan. Myc control of Slc7a5 expression would be particularly important for protein synthesis as Slc7a5 is also the major T cell transporter for Methionine, the predominant 'start' amino acid used to initiate polypeptide synthesis during mRNA translation (Sinclair et al., 2019; Sinclair et al., 2013) . These data highlight how Myc control of even one amino acid transporter, Slc7a5, would have indirect consequences for the expression of thousands of proteins in immune activated T cells and could underpin the ability of Myc to regulate multiple biosynthetic, bioenergetic and epigenetic processes in T cells.
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METHODS:
LEAD CONTACT AND MATERIALS AVAILABILITY
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Doreen Cantrell (d.a.cantrell@dundee.ac.uk) .
EXPERIMENTAL MODEL DETAILS
Mice:
CD4cre+, CD4cre+ Myc fl/fl (Dose et al., 2009; Mycko et al., 2009; Trumpp et al., 2001) , 
METHOD DETAILS
Cell Culture:
All cells were activated and cultured at 37 ˚C with 5 % CO2 in complete culture medium -RPMI 1640 containing glutamine (Invitrogen), supplemented with 10 % FBS (Gibco), penicillin/streptomycin (Gibco) and 50 µM β-mercaptoethanol (Sigma).
Single cell suspensions were generated by mashing mouse lymph nodes (brachial, axial, inguinal, superficial cervical, deep cervical, lumbar) or spleens through 70 µm strainer. Red blood cells in splenocyte suspension were lysed with 150 mM NH4Cl 10 mM KHCO3 110 µM Na2EDTA pH 7.8.
For 24 hour TCR activated Myc WT and Myc cKO proteomics, lymph node suspension from 2x mice per biological replicate were activated with 0.5 µg/mL anti-mouse CD3 (Biolegend) and 0.5 µg/mL anti-mouse CD28 (eBioscience) in 2 x 10 mL complete culture medium in 6 well plates. Samples were generated in biological triplicate.
For Slc7a5 WT and Slc7a5 cKO CD4 + T cell proteomics, 3 biological replicates were generated.
For each biological replicate, one Slc7a5 WT and one Slc7a5 cKO mouse was used. Slc7a5 cKO (CD45.2) and Slc7a5 WT (CD45.1) lymph node cells were mixed together at a ratio of 1:1 prior to 24h activation with 1 µg/mL anti-mouse CD3 and 3 µg/mL anti-mouse CD28 at a cell density of 2 million live cells/mL. Unlike Myc-deficient T cells Slc7a5-deficient T cells do not generate cytokines upon T cell activation (Sinclair et al., 2013) , therefore cultures were also supplemented with 20 ng/mL recombinant human IL-2 (Proleukin, Novartis) and 2 ng/mL recombinant mouse IL-12 (Peptrotech).
For OT1 TCR time course proteomics CD8 + T cells were purified from mouse spleen and lymph node single cell suspensions using EasySep mouse CD8 T cell isolation kit (STEMCell Technologies) as per manufacturer instructions. Verification of purity indicated that live cells were 88-94% CD8 + . T cells were activated with 10 ng/mL SIINFEKL peptide at a density of 4 million cells / mL in 2 mL complete culture medium in 24 well plates. Cells were centrifuged at 300 rpm for 2 min before being placed in culture. Cells were harvested for proteomics at indicated time points and were washed twice with HBSS before being snap frozen in liquid nitrogen and stored at -80 o C until further processing.
For qPCR, kynurenine uptake assays and Myc staining in Fig 4D, lymph node or spleen single cell suspensions were activated with 1 µg/mL anti-mouse CD3 and 3 µg/mL anti-mouse CD28 at a cell density of 4 million live cells / mL. Cells were centrifuged at 300 rpm for 2 min before being placed in culture for the indicated time. In the kynurenine uptake and Myc staining assays the naïve control cells were cultured in 5 ng/mL IL-7 (R & D Systems). For Myc staining in Fig 1D splenic single cell suspensions were activated with 0.5 µg/mL of both anti-CD3 and anti-CD28 at a density of 1 million live cells/mL. To determine system L uptake and Myc coexpression, Myc-eGFP(CD45.2) and WT (CD45.1, to provide an internal control for autofluorescence) splenocytes were mixed together at a ratio of 1:1 prior to activation. For CFSE assay, lymph node suspensions at 1 million cells per mL in PBS 1%FCS were labelled with 5 µM CFSE (Invitrogen) for 10 min at 37 o C before being washed twice with cold complete medium to quench the reaction. 0.5 million live cells per mL were activated with 0.5 µg/mL of both anti-CD3 + anti-CD28.
Cell Sorting:
Cell sorting was performed on a BD Influx cell sorter. Staining, sorting and cell collection was performed in RPMI 1640 containing glutamine, supplemented with 1% FBS. Naïve CD4 and CD8 T cells for proteomics and qPCR were sorted from lymph nodes of 2 x CD4cre + mice per biological replicate. Naïve cells were sorted from single cell suspensions as DAPI-B220-NK1.1-CD11b-CD25-TCRb+CD62LhiCD44lo, CD4+ or CD8+. In all cases, sorted cells were washed twice with HBSS before being snap frozen in liquid nitrogen and stored at -80 o C until further processing.
Flow cytometry:
Flow cytometry data was acquired on a FACSVerse using FACSuite software or FACSCanto, or LSR II Fortessa with FACS DIVA software (BD Biosciences). Data was analysed using Flowjo software version 9.9.6 (Treestar).
For cell surface staining antibodies conjugated to BV421, BV510, FITC, PE, PerCPCy5.5, PECy7, APC, and APCeF780 were obtained from BD Biosciences, eBioscience or Biolegend.
Fc receptors were blocked using Fc block (BD Biosciences). Antibody clones were as follows:
CD4 (RM4-5), CD8 (53-6.7), CD11b (M1/70), CD25 (7D4), CD44 (IM7), CD45.1 (A20), CD45.2 (104), CD62L (MEL-14), CD69 (H1.2F), TCRbeta (H57-597), Thy1.2 (53-2.1), B220 (RA3-6B2), NK1.1 (PK136).
For Myc intracellular staining, cells were fixed and permeabilised overnight in PBS 1% FBS 0.5% PFA 0.2% Tween-20. Fix/perm was washed off and cells were stained with 1:200 rabbit anti-Myc antibody (Cell Signalling Technologies, clone D84C12, cat#5605S) for 1 hour at room temperature followed by 1:1000 anti-rabbit IgG (H+L) F(ab')2 AlexFluor647 secondary antibody (Cell Signalling Technologies, cat#4414S) for 1 hour at room temperature.
Kynurenine uptakes:
Kynurenine uptake assay were performed as described in (Sinclair et al., 2018) . Briefly, antibodies against surface markers were added to culture (37 o C 5% CO2) for 10 minutes prior to uptake assay in order to identify cell types. ~3 million cells per condition were harvested, 
Proteomics sample preparation:
Cell pellets were lysed at room temperature in 4% SDS, 50 mM TEAB pH 8.5, 10 mM TCEP under agitation (5 min, 1200 rpm on tube shaker), boiled (5 min, 500 rpm on tube shaker), then sonicated with a BioRuptor (30 sec on, 30 sec off x30 cycles). Protein concentration was determined using EZQ protein quantitation kit (Invitrogen) as per manufacturer instructions.
Lysates were alkylated with 20 mM iodoacetamide for 1 hour at room temperature in the dark, before protein clean up by SP3 procedure (Hughes et al., 2014) . Briefly, 200 µg of 1:1 mixed Hydrophobic and Hydrophilic Sera-Mag SpeedBead Carboxylate-Modified Magnetic Particles were added per protein samples then acidified to ~pH 2.0 by addition 10:1 Acetonitrile : Formic Acid. Beads were immobilised on a magnetic rack and proteins washed with 2x 70% ethanol and 1x 100% acetonitrile. Rinsed beads were reconstituted in 0.1% SDS 50 mM TEAB pH 8.5, 1 mM CaCl2 and digested overnight with LysC followed by overnight digestion with Trypsin, each at a 1:50 enzyme to protein ratio. Peptide clean up was performed as per SP3 procedure (Hughes et al., 2014) . Briefly, protein-bead mixtures were resuspended and 100% acetonitrile added for 10 min (for the last 2 minutes of this beads were immobilised on a magnetic rack).
Acetonitrile and digest buffer were removed, peptides were washed with acetonitrile and eluted in 2% DMSO. Peptide concentration was quantified using CBQCA protein quantitation kit (Invitrogen) as per manufacturer protocol. Formic acid was added to 5% final concentration.
Samples were fractionated using high pH reverse phase liquid chromatography. Samples were loaded onto a 2.1 mm x 150 mm XBridge Peptide BEH C18 column with 3.5 µm particles (Waters). Using a Dionex Ultimate3000 system, the samples were separated using a 25-minute multistep gradient of solvents A (10 mM formate at pH 9 in 2% acetonitrile) and B (10mM ammonium formate pH 9 in 80% acetonitrile), at a flow rate of 0.3 mL/min. Peptides were separated into 16 fractions which were consolidated into 8 fractions. Fractionated peptides were dried in vacuo then dissolved in 5% Formic Acid for analysis by LC-ES-MS/MS. For Myc WT naïve and OT1 TCR time course proteomics samples clean up was performed on the 8 th fraction of each sample using HIPPR detergent removal spin column kit (ThermoFisher Scientific) as per manufacturer protocol.
Liquid chromatography electrospray tandem mass spectrometry analysis (LC-ES-
MS/MS):
£ 1 µg of peptide was analysed per fraction in all experiments For label-free proteomics of Myc WT and Myc cKO and Slc7a5 WT and Slc7a5 cKO 24 hr TCR activated T cells samples were analysed as described previously (Sinclair et al., 2019) . As described in reference, samples were injected onto a nanoscale C18 reverse-phase chromatography system (UltiMate 3000 RSLC nano, Thermo Scientific) then electrosprayed into an Orbitrap mass spectrometer (LTQ Orbitrap Velos Pro; Thermo Scientific). For chromatography buffers were as follows: HPLC buffer A (0.1% formic acid), HPLC buffer B (80% acetonitrile and 0.08% formic acid) and HPLC buffer C (0.1% formic acid). Peptides were loaded onto an Acclaim PepMap100 nanoViper C18 trap column (100 µm inner diameter, 2 cm; Thermo Scientific) in HPLC buffer C with a constant flow of 10 µl/min. After trap enrichment, peptides were eluted onto an EASY-Spray PepMap RSLC nanoViper, C18, 2 µm, 100 Å column (75 µm, 50 cm; Thermo Scientific) using the buffer gradient: 2% B (0 to 6 min), 2% to 35% B (6 to 130 min), 35% to 98% B (130 to 132 min), 98% B (132 to 152 min), 98%
to 2% B (152 to 153 min), and equilibrated in 2% B (153 to 170 min) at a flow rate of 0.3 µl/min. The eluting peptide solution was automatically electrosprayed using an EASY-Spray nanoelectrospray ion source at 50 º and a source voltage of 1.9 kV (Thermo Scientific) into the Orbitrap mass spectrometer (LTQ Orbitrap Velos Pro; Thermo Scientific). The mass spectrometer was operated in positive ion mode. Full-scan MS survey spectra (mass/charge ratio, 335 to 1800) in profile mode were acquired in the Orbitrap with a resolution of 60,000.
Data were collected using data-dependent acquisition: the 15 most intense peptide ions from the preview scan in the Orbitrap were fragmented by collision-induced dissociation (normalized collision energy, 35%; activation Q, 0.250; activation time, 10 ms) in the LTQ after the accumulation of 5000 ions. Precursor ion charge state screening was enabled, and all unassigned charge states as well as singly charged species were rejected. The lock mass option was enabled for survey scans to improve mass accuracy. (Using Lock Mass of 445.120024)
For label-free proteomics of naïve WT T cells and N4 activated OT-I T cell time course, samples were injected onto a nanoscale C18 reverse-phase chromatography system (UltiMate 3000 RSLC nano, Thermo Scientific) before being electrosprayed into a Q Exactive Plus mass spectrometer (Thermo Scientific). The chromatography buffers used were as follows: HPLC buffer A (0.1% formic acid), HPLC buffer B (80% acetonitrile in 0.1% formic acid) and HPLC buffer C (0.1% formic acid). Samples (15 µL) were injected and washed with Buffer C (10ul/min) for 5 min prior to valve switch on an Acclaim PepMap100 nanoViper C18 trap column (100 µm inner diameter, 2 cm; Thermo Scientific). After trap enrichment, peptides were eluted onto an EASY-Spray PepMap RSLC nanoViper, C18, 2 µm, 100Å column (75 µm, 50 cm; Thermo Scientific) using the following buffer gradient: 2% to 5% B (0 to 5 min), 5% to 35% B (5 to 130 min), 35% to 98% B (130 to 132 min), 98% B (132 to 152 min), 98%
to 2% B (152 to 153 min), and equilibrated in 2% B (153 to 170 min) at a flow rate of 0.3 µl/min. The eluting peptide solution was automatically electrosprayed into the Q Exactive Plus mass spectrometer using an EASY-Spray nanoelectrospray ion source at 50º and a source voltage of 2.0 kV (Thermo Scientific). The mass spectrometer was operated in positive ion mode. Data were collected using data-dependent acquisition: the 15 most intense peptide ions from the preview scan in the Q Exactive Plus were fragmented by higher-energy collisional dissociation. The following settings were applied: MS1 scan resolution: 70 000; MS1 AGC target: 1e6; MS1 maximum IT: 20 ms; MS1 scan range: 350-1600 Th; MS2 scan resolution: 17 500; MS2 AGC target: 2e5; MS2 maximum IT: 100 ms; isolation window: 1.4 Th; first fixed mass: 200 Th; NCE: 27; minimum AGC target: 2e3; only charge states 2 to 6 considered; peptide match: preferred; exclude isotopes: on; dynamic exclusion: 45 s.
QUANTIFICATION AND STATISTICAL ANALYSIS
Proteomics data analysis:
The data were processed, searched and quantified with the MaxQuant software package, Version 1.6.2.6. For the protein and peptide searches we generated a hybrid database from databases in Uniprot release 2019 07. This consisted of all manually annotated mouse SwissProt entries, combined with mouse TrEMBL entries with protein level evidence available and a manually annotated homologue within the human SwissProt database. The following MaxQuant search parameters were used: protein N-terminal acetylation, methionine oxidation, glutamine to pyroglutamate, and glutamine and asparagine deamidation were set as variable modifications and carbamidomethylation of cysteine residues was selected as a fixed modification; Trypsin and LysC were selected as the enzymes with up to two missed cleavages permitted; the protein and PSM false discovery rate was set to 1%; matching of peptides between runs was switched off. Data filtering and protein copy number quantification was performed in the Perseus software package, version 1.6.6.0. Proteins were quantified from unique peptides and razor peptides (peptides assigned to a group, but not unique to that group).
Quantification quality was categorized based on the following: quantification was considered high accuracy if proteins had 8 or more unique and razor peptides assigned and at least 75% of these peptides were unique; proteins were considered medium accuracy if they were assigned at least 3 unique and razor peptides with 50% of these being unique; proteins below these thresholds were considered low accuracy. The data set was filtered to remove proteins categorised as "contaminants", "reverse" and "only identified by site". Mean copy number per cell was calculated using the "proteomic ruler' plugin as described in (Wisniewski et al., 2014) .
Briefly, this method sets the summed peptide intensities of the histones to the number of histones in a diploid mouse cell then uses the ratio between the histone peptide intensity and summed peptide intensities of other identified proteins to estimate the protein copy number per cell for all the identified proteins. Data was further filtered to only include proteins for which at least one conditions had peptides detected in ³ 2 biological replicates.
Statistics and Calculations:
Mass contribution of proteins (g / cell) was calculated as (protein copy number) * (molecular weight (Daltons)) / (Avogadro's constant). Protein content per cell plots for glycolytic enzymes in Fig 2C were calculated based CFSE labelled lymph nodes from CD4cre+ (Myc WT ) and CDcre+Mycfl/fl (Myc cKO ) mice were stimulated with anti-CD3 and anti-CD28 (both 0.5 µg/mL) for 48 hours and CFSE dilution was measured. Representative of technical duplicate plots.
Figure S2. Myc-deficient T cells fail to induce protein translation machinery
Naïve WT and 24 hr TCR activated Myc WT and Myc cKO proteomic data was generated as described in Fig 1 and anti-cMyc AF647 anti-cMyc AF647 0 10 2 10 3 10 4 10 5 0 10 2 10 3 10 4 10 5 
